Central haemodynamic and forearm vascular changes following administration of morphine i.v. were studied in patients 24-30 h after open heart surgery. Right atrial pressure, heart rate, mean arterial pressure, cardiac output and stroke volume were measured before and after morphine 5 and 10 mg per 70 kg in 14 subjects. In a further group of eight subjects, forearm blood flow was measured after morphine 10 mg per 70 kg. Total systemic and forearm vascular resistance were derived from these measurements. In spite of wide individual variations, significant decreases in mean arterial pressure occurred in most of the patients and appeared to be dose related. Significant decreases in mean cardiac index were noted only after morphine 10 mg per 70 kg. Forearm blood flow increased consistently and significantly and there was a corresponding decrease in vascular resistance. The decrease in mean arterial pressure and the change in forearm vascular resistance indicated that vasodilatation was probably the principle cause of the decrease in arterial pressure, whereas the substained decrease in cardiac output seemed to indicate an effect on venous capacitance. The predominant action of morphine appears to be peripheral, causing a decrease in vascular resistance and, possibly, an increase in venous capacitance.
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SUMMARY
Central haemodynamic and forearm vascular changes following administration of morphine i.v. were studied in patients 24-30 h after open heart surgery. Right atrial pressure, heart rate, mean arterial pressure, cardiac output and stroke volume were measured before and after morphine 5 and 10 mg per 70 kg in 14 subjects. In a further group of eight subjects, forearm blood flow was measured after morphine 10 mg per 70 kg. Total systemic and forearm vascular resistance were derived from these measurements. In spite of wide individual variations, significant decreases in mean arterial pressure occurred in most of the patients and appeared to be dose related. Significant decreases in mean cardiac index were noted only after morphine 10 mg per 70 kg. Forearm blood flow increased consistently and significantly and there was a corresponding decrease in vascular resistance. The decrease in mean arterial pressure and the change in forearm vascular resistance indicated that vasodilatation was probably the principle cause of the decrease in arterial pressure, whereas the substained decrease in cardiac output seemed to indicate an effect on venous capacitance. The predominant action of morphine appears to be peripheral, causing a decrease in vascular resistance and, possibly, an increase in venous capacitance.
Opiates have been used in medicine since time immemorial and achieved a particular place in the treatment of patients acutely ill from trauma, burns, myocardial infarction and left ventricular failure, and in the relief of postoperative and other severe pain. More recently morphine has become popular as the main anaesthetic agent in open heart surgery. In spite of this there have been few documented studies of the haemodynamic effects of morphine in such patients (Fejfar et al., 1957; Thomas et al., 1965; Morrison et al., 1972) . We have reported previously the effects of morphine in patients with normal cardiovascular function (Samuel, Clarke and Dundee, 1977) and report here similar studies of the haemodynamic effects of morphine in therapeutic dosage in patients with impaired cardiovascular function.
PATIENTS
Twenty-two patients with significant preoperative heart disease were studied 24-30 h after open heart surgery for valve replacement (table I) . In all patients the heart rate and arterial pressure were stable and urinary output satisfactory. The trachea was intubated and ventilation of the lungs (40% oxygen in air) was assisted. Although all patients received opiates during the first 24 h following surgery for the relief of pain, no opiate drug had been given within the 4 h preceeding the study. In no patient was drug therapy required to maintain the circulation and there was no bleeding from the chest drains. Each patient had had radial artery and right and left atrial catheters placed at the time of operation, and these were still patent and available.
Since two distinct experimental programmes were followed each will be described separately with the results.
PART I: CENTRAL HAEMODYNAMICS
METHODS
Fourteen patients were studied. Arterial pressure (radial artery), right atrial pressure and the electrocardiogram were monitored continuously. Cardiac output was measured by the Hamilton-Stewart dye dilution method (Kinsman, Moore and Hamilton, 1929 ) using indocyanine green. The injection was made into the left atrium and blood was sampled from the radial artery. The results from computer analyses of the curves were confirmed by planimetry. At each determination of output the mean result from two curves was used. From these direct measurements, the following indices were derived: mean arterial pressure (mm Hg) was calculated as the diastolic pressure plus one-third of the pulse pressure; total systemic vascular resistance (mm Hg litre"' min"') as the ratio of mean arterial pressure less central venous pressure, to cardiac output; cardiac index (litre min~' min"
2 ) as the ratio of cardiac output to surface area and stroke volume (ml) as the ratio of cardiac output to heart rate. Once baseline values of arterial pressure, right atrial pressure and e.c.g. had been obtained (a), cardiac output was determined (b) and an arterial sample was withdrawn for analyses of blood-gas tensions (c). Morphine 5 mg per 70 kg (six patients) or lOmg per 70 kg (eight patients) was injected via the right atrial catheter at the rate of 2 mg min ~' (d). The sequence of (a), (b) and (c) above, was repeated at 10, 30 and 60 min after the injection of morphine.
RESULTS
Morphine 5 mg per 70 kg (tables II and III)
The individual changes in right atrial pressure following the administration of morphine were never greater than 2 mm Hg and there was no significant difference in the mean values obtained before and after the administration of morphine. Although heart rate decreased by 8 beat min"' in one patient the mean difference was not significant at any time. Mean arterial pressure decreased in five of the six subjects, the average decrease being from 90 mm Hg (control) to 84 mm Hg at 10 min and to 85 mm Hg at 60 min. This change was statistically significant at 10 (P< 0.005) and 30 (P< 0.005) min. There was no consistent corre- lation between the changes in mean arterial pressure and heart rate in individual patients. Total systemic vascular resistance increased in three subjects, decreased in two and was practically unaltered in the other. However, when the differences were measured no statistical significance emerged. Cardiac index ( fig. 1 ) had decreased in five of the six patients at 10 min, in two instances by approximately 20%, whilst it increased by 15% in the sixth patient. There was no consistent relationship with arterial pressure. Indeed, the one patient in whom the cardiac output increased had the greatest decrease in mean arterial pressure. Changes at 30 min were similar with a return to near baseline values by 60 min. Although individual patients showed marked changes, the differences between the means in the groups were not significant.
Morphine 10 mg per 70 kg (tables IV and V)
The individual changes in right atrial pressure were never greater than 2 mm Hg and there was no significant difference in the mean values for the group. Heart rate decreased by 12 beat min"' in two patients, increased by 10 beat min" 1 in one patient and was practically unaltered in the other patients. The mean difference was not significant at any time. Mean arterial pressure decreased in five of eight subjects, the average decrease being from 93 mm Hg (control) to 83 mm Hg at 10 min and to 89 mm Hg at 60 min. The magnitude of the change was greater than that seen after morphine 5 mg per 70 kg and the average decrease was significant at 10 (P < 0.025) and 30(P < 0.025) min. There was no consistent correlation with the changes in heart rate. Peripheral vascular resistance increased in two subjects, decreased in two and was practically unaltered in the others. There was no significant difference in mean values before and after the injection of morphine. Ten minutes after the administration of morphine, cardiac index ( fig. 1 ) had decreased in all but one patient, and in five patients the decrease was greater than 20% of the baseline values. In one patient it increased by about 20%. Although no consistent relationship with arterial pressure was seen mean arterial pressure decreased by more than 10 mm Hg in the majority of the patients. The decrease in cardiac index persisted for 30 min with some return towards control values at 60 min. The differences between the means in this group were significant at 10 (P<0.05) and 30 (P< 0.025) min. 
Blood-gas analysis (table VI).
There were no significant differences in PB CO2 and standard bicarbonate concentration at any time. The patients remained normocapnic throughout and the high Pa,^ values reflect merely the increased Fi Ol while on assisted ventilation.
PART II: FOREARM BLOOD FLOW STUDIES
METHODS
Eight patients were studied as follows: intraarterial pressure was monitored continuously and forearm blood flow was determined by venous occlusion plethysmography, using a mercuryfilled rubber strain gauge (Whitney, 1953) . Flow records were obtained three times a minute, and each value shown is the average of six measurements, expressed as ml per dl forearm volume per minute. From these direct measurements, the following indices were derived: mean arterial pressure (mm Hg) and forearm vascular resistance (resistance units) (the ratio of mean arterial pressure to forearm blood flow). The experimental programme was as follows: the collecting cuff was inflated to a pressure of 200 mm Hg; control recordings of forearm blood flow and arterial pressure were made until a "steady state" was obtained-usually in about 20 min; morphine 10 mg per 70 kg was injected via a right atrial catheter at the rate of 2 mg min"' and forearm blood flow and arterial pressure were recorded at 20-s intervals for 20 min from the end of the injection of morphine. Forearm blood flow and arterial pressure were measured also 30,40,50 and 60 min after the injection. In order to rest the arm, the collecting cuff was deflated for 5 min after the 20-and 40-min readings and re-inflated to the original pressure at least 1 min before commencement of subsequent measurements of forearm blood flow.
Each patient acted as his own control and the subsequent paired data were available for statistical analysis by Student's t test.
RESULTS
Morphine 10 mg per 70 kg
The most notable feature was the low resting forearm blood flow, the average values being 2.6 ml per dl forearm volume per minute (table  VII) . Increases in forearm blood flow were observed 2 min after the end of the morphine injection in some patients (1, 4, 5) while in three patients (2, 3, 7) this response was not seen until 16-30 min. However, in mean values there was a statistically significant increase at 4 min (P < 0.05) while the peak increase occurred at 20 min.
Decreases occurred in mean arterial pressure in most patients but in two (2.7) there was no change. The extent of the decrease was variable, unpredictable and of the same order as had been observed previously in the central haemodynamic study. However, a good correlation between the degree of hypotension and increase in forearm blood flow was obtained. Decreases in mean values of forearm vascular resistance (P< 0.025) were observed as early as 2 min from the end of the injection of morphine, the peak effect occurring at 20 min (table VIII) . Even at the end of 60 min, the forearm vascular resistance remained decreased (P< 0.025). A clear pharmacodynamic interpretation of the results is difficult. The patients were not a homogeneous group, and variables such as the extent of the pre-existing myocardial disease, the haemodynamic and metabolic sequelae of surgery and cardiopulmonary bypass, the level of sympathetic activity, and alteration in vascular capacity are all likely to have influenced the results. However, because individual patients acted as their own controls, while other factors remained the same, the changes seen with morphine must be attributed to the drug itself, although this does not imply necessarily that exactly similar mechanisms were operating in each individual, and it is not surprising that there was a considerable degree of variability in the individual responses. Nonetheless, dominant trends did emerge. The administration of morphine was followed by decreases in arterial pressure and cardiac index, with little change in central venous pressure and systemic vascular resistance, whilst plethysmography in a comparable group of patients showed a consistent decrease in vascular resistance and a corresponding increase in flow. Similar studies in patients with normal cardiovascular function showed the decrease in arterial pressure, but no significant changes in cardiac output or central venous pressure (Samuel, Clarke and Dundee, 1977) . If respiratory depression is eliminated, the effects of morphine on the cardiovascular system are likely to be mediated through a central nervous system mechanism, by direct myocardial depression, by a direct effect on the peripheral vasculature, or by a combination of these.
Central effects
Depression of the vasomotor centre, although thought to be an important cause of the hypotension following morphine, is now accepted generally as being of little importance following clinically used doses (Jaffe, 1965) . Certainly brady-cardia was not a feature of the hypotension which occurred in these patients.
Relief of pain, mental sedation and sleep follow the therapeutic use of morphine and it could be argued that the haemodynamic changes seen in these patients represented little more than the reduction of sympathetic activity, secondary to relief of discomfort and anxiety. However, the patients did not go to sleep during these studies nor did they show clinical evidence of being in pain, physical discomfort or anxiety before the administration of morphine. There is considerable supporting evidence in man that the peripheral vascular effects of morphine are not mediated via the sympathetic system for, not only are such effects unaltered in the sympathectomized or nerve-blocked limbs, but they are not blocked by naloxone which is assumed to block all central nervous system morphine receptors (Johnstone et al., 1974; Samuel and Dundee, 1975) .
Myocardial depression
All patients in the present study had chronic valve lesions associated with significant impairment of activity before operation, objective evidence of which included the low resting cardiac indices (mean 2 litre min "' m ~2) and a decrease in mean stroke volume (32.5 ml). These values are similar to those given by Wade and Bishop (1962) and Kelman (1971) for patients with chronic heart failure. Wisheart (1975) observed that, early after cardiopulmonary bypass, there are important changes in myocardial performance, not only from normality but also from the individual's preoperative status. The more important included abnormalities of the autoregulatory mechanism for control of the coronary circulation, oedema of the myocardium and increased oxygen consumption. Under these conditions it is likely that any additional stress which tends to increase myocardial oxygen demand may exceed the ability of the coronary circulation to provide it. Although in this series of investigations the cardiac output decreased, the central venous pressure did not increase correspondingly, so that there was no direct evidence of a decrease in myocardial contractility. However, left atrial pressure was not measured and could have increased independently of the right-sided pressures. In addition, the decrease in arterial pressure seen in this study would have evoked normally a baroreceptor reflex, but evidence of this was not seen. Therefore it is impossible from the present data to exclude fully a direct depressant effect of morphine on either myocardial contractility or the homeostatic mechanisms of the diseased heart. However, it should be noted that a primary myocardial depressant effect from morphine has not been demonstrated either in isolated myocardial tissue or in a heart-lung preparation (Huggins, Glass and Bryan, 1951; Strauer, 1972) .
Forearm vascular changes
Among the most consistently reported effects of morphine is that of peripheral vascular dilatation (Zelis et al, 1974; Samuel, Unni and Dundee, 1977; Hsu, Hickey and Forbes, 1979) and an increase in venous capacitance. In the present study a consistent decrease in vascular resistance and increase in forearm blood flow were seen.
Although the diseased heart is unable to provide a normal cardiac output, there is often an almost normal arterial pressure. This is achieved by an increase in peripheral vascular resistance, albeit at the cost of a decrease in tissue perfusion. Ferrer and his colleagues (1965) found that splanchnic blood flow was reduced in chronic heart failure by roughly the same proportion as was cardiac output, whilst Donald, Bishop and Wade (1955) found that resting arm blood flow was decreased markedly in patients with heart disease and that there was a good correlation between the local decrease in blood flow and the reduction in cardiac output. The present group of patients was no exception, having low resting forearm flows with a sustained increase in resting vascular resistance, presumably a result, at least in part, of an increase in sympathetic tone. Patients with long-standing heart disease have decreased vasodilator responses (Heistad and Abboud, 1974) and Zelis, Mason and Braunwald (1968) have shown that the forearm vessels in such patients failed to dilate normally in response to physiological stimuli such as ischaemia, excercise and pyrexia. Nonetheless, in spite of the low resting flow, the vasodilator response to morphine in our group was unaffected, being comparable to the changes seen in patients with normal cardiovascular function (Samuel, Unni and Dundee, 1977) . Indeed, the relationship between the decrease in mean arterial pressure and change in forearm vascular resistance indicates that vasodilatation was probably a principal cause of the early decrease in arterial pressure which occurred after the administration of morphine.
However, the mnvimnm effect on peripheral blood flow and resistance was seen 20 min after injection, while the decrease in arterial pressure and cardiac output in the comparable gToup of patients in Part I of the study was still evident after 1 h. This may be indirect evidence of an effect on venous capacitance outlasting the effect on the resistance vessels (Hsu, Hickey and Forbes, 1979) .
While there is little dispute that morphine causes peripheral vasodilatation, there has been considerable speculation as to the precise mechanism underlying this action. The possibilities are of a neurally mediated effect, a humoral effect, a direct effect or some combination of these. Amongst these, a "direct action" has been shown to be the most important mechanism operating in pain-free individuals (Zelis et al., 1974; Samuel, Unni and Dundee, 1977) .
However, it is surprising that, while the majority of patients in Part II of the study showed a consistent decrease in forearm vascular resistance, the total systemic vascular resistance remained remarkably unchanged. Therefore, it could be assumed that a compensatory vasoconstriction must have occurred simultaneously in some other part of the body, possibly in the portal or splanchnic vascular system. Such regional differences in vascular response to morphine have been evident in animals (Schmidt and Livingston, 1933) but have not been studied in man.
Since the decrease in forearm vascular resistance was such a consistent finding in the patients in Part II, why was such variability and unpredictability seen in the central haemodynamic measurements in the comparable group of patients in Part I? The evidence would suggest that the answer be sought in the patients' circulatory volume at the time of study. In 1946, Drew, Dripps and Comroe demonstrated that healthy subjects developed orthostatic hypotension when morphine was given in the upright position, but that this could be reduced by bandaging the legs. Thomas and colleagues (1965) found that morphine caused hypotension in some patients with acute myocardial infarction and that this was reversible by raising the legs, again suggesting that peripheral pooling of blood was responsible for the hypotension. In the report by Morrison and co-workers (1972) of measurements of central haemodynamics soon after the end of cardiopulmonary bypass, it was inferred that suboptimal blood volume may have been responsible for the wide variation in the haemodynamic response. Therefore, the present investigation was timed deliberately at 24-30 h after the end of surgery, by which time a more stable haemodynamic and hydrodynamic state would be anticipated. In spite of this, the results of this study showed the same type of unpredictability and variation, although the mean changes in arterial pressure and cardiac output revealed a clearer trend towards decreases from control values. Lowenstein and co-workers (1969) suggested that the net effect of morphine on the circulation of human subjects may depend partially on the circulating blood volume. It seems likely that the same holds true in these patients with impaired cardiovascular function, where the circulating blood volume is balanced more critically than in normal subjects.
Therefore, it appears that the net effect of the administration of morphine is to decrease peripheral vascular resistance and increase venous capacitance, resulting in a reduction in both peripheral resistance and effective circulating blood volume. This produces decreases in arterial pressure and cardiac output in patients with decreased cardiac reserve who have a limited capacity to compensate.
EFFETS VASCULATRES SUR L'AVANT-BRAS ET EFFETS HEMODYNAMIQUES CENTRAUX DE LA MORPHINE CHEZ DES PATIENTS AYANT SUBI DES OPERATIONS A COEUR OUVERT
On proceda a l'etude des changements vasculaires de l'avantbras ainsi que des effets hemodynamiques centraux chez des patients auxquels on avait administre de la morphine i. En pacientes somctidos a arugia a corazon abierto se les administro morfina intravenosa, de 24 a 30 h despues de la operacion, estudiandose los cambios en el sistema vascular del antebrazo y el sistema hemodinamico central. Sc midieron en 14 pacientes la presion atrial derecha, el ritmo cardiaco, la presion media arterial, la potencia cardiaca y el volumen de la expulsion, antes y despues de la inyeccion de 5 mg y de 10 mg de morfina/70 kg. En otro grupo de 8 pacientes se midio el flujo sanguineo del antebrazo despues de 10 mg de morfina/70 kg. De estas mediciones se deriv6 la resistencia vascular del antebrazo y la resistencia sistemauca total. A pesar de las enormes variaciones que se presentan a nivel individual, tuvieron lugar disminuciones significative de la presion media arterial en la mayoria de los pacientes y al parecer dichas disminuciones van en relation a la dosis. Se apreciaron disminuciones significativas en el indice cardiaco medio despues de tan solo 10 mg de morfina/70 kg. El flujo sanguineo en el antebrazo incremento de forma consistente y significativa y tuvo lugar una disminucion correspondiente de la resistencia vascular. La disminucion en la presion media arterial y el cambio en la resistencia vascular del antebrazo indicaron que probablemente la causa principal de la disminucion de la presion arterial fue la vaaodilatation, mientras que la constante disminucion de la production cardiaca parece indicar un cierto cfecto sobre la capacidad venosa. La action predominante de la morfina parece ser de caracter periferico, causando una disminucion de la resistencia vascular y, posiblemente, un incremento de la capacidad venosa.
